In the adenoma-carcinoma sequence, it is proposed that intestinal polyps evolve through a set of defined mutations toward metastatic colorectal cancer (CRC). Here, we dissect this adenoma-carcinoma sequence in vivo by using an orthotopic organoid transplantation model of human colon organoids engineered to harbor different CRC mutation combinations. We demonstrate that sequential accumulation of oncogenic mutations in Wnt, EGFR, P53, and TGF-β signaling pathways facilitates efficient tumor growth, migration, and metastatic colonization. We show that reconstitution of specific niche signals can restore metastatic growth potential of tumor cells lacking one of the oncogenic mutations. Our findings imply that the ability to metastasize-i.e., to colonize distant sites-is the direct consequence of the loss of dependency on specific niche signals.
In the adenoma-carcinoma sequence, it is proposed that intestinal polyps evolve through a set of defined mutations toward metastatic colorectal cancer (CRC). Here, we dissect this adenoma-carcinoma sequence in vivo by using an orthotopic organoid transplantation model of human colon organoids engineered to harbor different CRC mutation combinations. We demonstrate that sequential accumulation of oncogenic mutations in Wnt, EGFR, P53, and TGF-β signaling pathways facilitates efficient tumor growth, migration, and metastatic colonization. We show that reconstitution of specific niche signals can restore metastatic growth potential of tumor cells lacking one of the oncogenic mutations. Our findings imply that the ability to metastasize-i.e., to colonize distant sites-is the direct consequence of the loss of dependency on specific niche signals.
colorectal cancer | adenoma-carcinoma sequence | organoids | metastasis | niche independence I n the early 90s, Vogelstein and coworkers proposed a model in which they defined a set of genetic alterations that facilitate colorectal cancer (CRC) progression (1, 2) . In this so-called adenoma-carcinoma sequence, the evolution of a benign tumor toward a highly malignant and metastatic stage arises in a stepwise manner where each step is thought to be associated with specific genetic mutations. Constitutive activation of Wnt signaling is often found in early adenomas and, therefore, mutations in this pathway are considered to be triggering tumor initiation. Progression to the carcinoma stage is associated with activating mutations in the EGF receptor (EGFR) signaling pathway and subsequent inactivating mutations in the transforming growth factor (TGF)-β and P53 pathways (2) . Although it is generally believed that the total accumulation of these mutations is more important than their order of occurrence (1, 2) , this assumption could never be directly tested. Because of the genetic instability and heterogeneity of CRCs (3), it is challenging to link these specific individual genetic events to discrete steps of metastasis, including the ability of cells to migrate, disseminate, and grow at a foreign distant site (4) . Moreover, all of the available genetic mouse models are not suitable to study the effect of combinations of common CRC genetic mutations in the late development of the disease, because these animals inevitably die before the tumors can progress toward the metastatic stage. Here, we describe the establishment of a CRC model based on orthotopic transplantation of human intestinal tumor organoids that leads to the development of colorectal tumors spontaneously metastasizing to distant sites. Moreover, by transplanting human colon organoids engineered to harbor different combinations of the adenoma-carcinoma sequence by using CRISPR/ Cas9, we determine the contribution of defined genetic events to the different steps of CRC progression.
Results and Discussion

Generation of Human Colon Organoids with Different CRC Mutation
Combinations Using CRISPR/Cas9. Human intestinal stem cells can be grown "indefinitely" in vitro as 3D organoids in medium containing the stem cell niche factors Wnt, R-spondin, EGF, and Noggin while remaining genetically stable (5, 6) . Previously, we used CRISPR/Cas9 genome editing to engineer human colon organoids harboring mutations in four of the most frequently mutated pathways in CRC (Wnt, EGFR, P53, and TGF-β), i.e., mutations in APC [APC knock out (APC KO )], KRAS (KRAS G12D ), P53 (P53 KO ) , and SMAD4 (SMAD4 KO ) (7) , from here referred to as quadruple mutant organoids. Mutants were functionally selected by changing the medium composition. Moreover, quadruple mutant organoids grow in the absence of all stem cell niche factors and in the presence of the P53-stabilizer nutlin-3 (7). To study the contribution of the different mutations to CRC progression, we additionally engineered various triple mutant human colon organoids that are wild type for P53
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Metastasis is the main cause of cancer death, but the underlying mechanisms are largely unknown. Here, we developed an orthotopic organoid transplantation approach and used engineered human colon tumor organoids to study the contribution of common CRC mutations to metastasis. Using this approach, we show that the combination of oncogenic mutations in Wnt, EGFR, P53, and TGF-β signaling pathways facilitates efficient tumor cell migration and metastasis. These mutations allow growth independent of stem cell niche factors, enabling cells to grow at foreign distant sites that lack these factors. Our findings suggest that metastasis is a direct consequence of acquired niche independency.
, using similar selection strategies (SI Appendix, Table S1 and Fig. S1 A-C SMAD4WT organoids consisted of multilayered disorganized epithelium, whereas quadruple mutant organoids mainly appeared as disorganized solid masses (SI Appendix, Fig. S2A ) (7) . Cell cycle analysis did not reveal major differences in proliferation rate among Triple APCWT , Triple SMAD4WT , Triple KRASWT , and quadruple mutant organoids in vitro (SI Appendix, Fig. S2 B and C) , indicating that the niche factors present in the conditioned organoid culture medium compensate for the mutation that is lacking in these triple mutants. However, we observed a reduction in the amount of proliferating cells in Triple P53WT organoids, which is caused by an apparent increase in the percentage of cells in G 1 phase of the cell cycle (SI Appendix, Fig. S2 B and C) . These data, together with the elevated expression of P53 protein (SI Appendix, Fig. S1B ::P53 fl/R172H transgenic mice. The day before transplantation, the organoids were harvested, dissociated, and plated in high concentration type-I collagen (Fig.  1A) . The next day, the organoid-containing collagen drops were surgically transplanted into the submucosa of the caecal wall of immune-deficient mice ( Fig. 1 A and B) . Approximately 4-6 wk after transplantation, we could detect the presence of primary tumors by abdominal palpation (SI Appendix, Fig. S3A ). Immunohistochemical analysis revealed highly proliferative tumors with features of poorly differentiated adenocarcinomas ( Fig. 1C and SI Appendix, Fig. S3B ). Strikingly, multiple macroscopic metastases were found in liver and lungs 6-8 wk after transplantation (Fig. 1C) . organoids in their native environment gives rise to primary tumors that spontaneously metastasize to distant organs, allowing us to study the processes underlying metastasis formation.
In Vivo Dissection of the Adenoma-Carcinoma Sequence Using Orthotopic Organoid Transplantations. To investigate in a human system which of the adenoma-carcinoma sequence mutations are key drivers of CRC progression toward metastasis formation, we transplanted all CRISPR/Cas9-engineered mutant human colon organoids into the caecal wall of immune-deficient mice. After 16 wk, mice were analyzed for tumor development. Two-thirds (2/3) of the mice implanted with either Triple P53WT , Triple KRASWT , or Triple APCWT organoids and all of the mice implanted with Triple SMAD4WT (7/7) and quadruple (9/9) mutant organoids developed primary tumors (Fig. 2B) . Histological analysis revealed extensive proliferation in quadruple mutantderived tumors ( Fig. 2A) leading to fast growth kinetics (Fig.  2C) . By contrast, moderate proliferation and slow growth kinetics were observed in the Triple APCWT and Triple KRASWT tumors, suggesting that activating mutations in the proliferation-inducing Wnt and EGFR pathways are required for efficient in vivo growth (Fig. 2C) (9, 10) . Indeed, Triple SMAD4WT tumors showed high levels of nuclear β-catenin, whereas little to none was detected in Triple APCWT tumors (SI Appendix, Fig. S4A ). Interestingly, Triple SMAD4WT tumors also displayed moderate proliferation ( Fig. 2A) and growth (Fig. 2C) . These tumors contained features of carcinoma in situ and locally of well-differentiated adenocarcinomas ( Fig. 2A) , as defined (7). By contrast, quadruple tumors displayed all features of poorly differentiated invasive adenocarcinomas, including irregular multilayered epithelium, increased nuclear-cytoplasmic ratio, pleiomorphic and hyperchromatic nuclei, and invasion of tumor aggregates into the surrounding stroma ( Fig. 2A) . These data, together with the observation that quadruple mutant-derived tumors showed decreased expression of CK7/8 (SI Appendix, Fig. S4C ), suggest that loss of SMAD4 prevents differentiation. Combined, our results suggest that the initiating APC and KRAS mutations drive efficient proliferation and growth, whereas inactivating mutations in SMAD4 block differentiation during tumor progression.
Although Triple P53WT organoids contain mutations in the Wnt, EGFR, and TGF-β pathways that promote proliferation and block differentiation, transplantation of these organoids led to tumors consisting of big cysts lined by single-layered epithelium showing no signs of proliferation ( Fig. 2A) or growth (Fig. 2C ). P53 controls cell cycle progression and cells, with wild-type P53 rapidly stop proliferating in vivo, most likely due to the induction of a P53-dependent cell cycle arrest, as we observed in vitro (SI Appendix, Figs. S1B and S2 B and C). Indeed, Triple P53WT tumors showed marked expression of the cell cycle inhibitor P21 (SI Appendix, Fig. S4B ). Importantly, the observation that cell growth depends on the deletion of P53 has consequences for the order of occurrence of mutations during the adenoma-carcinoma sequence. We and others (7, 11) have demonstrated that loss of P53 function in intestinal stem cells induces chromosome instability (CIN). Because CIN can only lead to genetic alterations when cells divide (7, 10) , our data indicates that P53 is a gatekeeper that prevents acquisition of additional mutations. Furthermore, accumulation of genetic alterations drives the adenoma-carcinoma sequence and, therefore, it is beneficial for the progression of tumors to have an early loss of P53.
Mutations in APC, KRAS, P53, and SMAD4 Are Required for Tumor Cell
Migration. Next, we set out to study how the induced genetic alterations influence the ability of tumor cells to migrate. To fluorescently label tumor cells, we transduced all engineered mutant human colon organoids with a fluorescent photoconvertible Dendra2. By repetitive intravital imaging through an abdominal imaging window (AIW; ref. 12), we monitored tumor cell migration within the mutant organoid-derived primary tumors in living mice. First, we photoconverted from green to red approximately 100 tumor cells located in a square (Fig. 3A) . Twenty-four hours after photoconversion, the imaging area was retraced and a change in the localization of the photomarked red cells was monitored as described (13) (Fig. 3A) . The imaging was only performed on Triple APCWT , Triple SMAD4WT , and quadruple mutant-derived tumors (Fig. 3B) Fig. S5 ). Strikingly, quadruple mutant-derived tumor cells showed a significant increase in migratory behavior, indicating that the combination of APC, KRAS, P53, and SMAD4 mutations is required for pronounced tumor cell migration (Fig. 3B , Bottom and C and SI Appendix, Fig. S5 ). organoids, only one spontaneous metastatic focus was detected in the liver. Interestingly, four of nine mice transplanted with quadruple mutant organoids developed large amounts of metastases in liver and lungs with high metastatic load (Fig. 4 A and B) . These data indicate that quadruple mutant organoids are most prone to metastasize to distant organs. To test the polyclonal nature of these distant metastases, we transplanted a mixture of quadruple mutant organoids expressing either low, intermediate, or high levels of Dendra2. The subsequent developed primary tumors existed of regions that express either low, intermediate, and high levels of Dendra2, which indicates polyclonal outgrowth. Importantly, if metastases are formed by the same clone, it is expected that the Dendra2 expression level is equal in all of them. However, we observed different Dendra2 expression level between the different metastatic foci. These data show that different metastases have originated from different clones present in the primary tumor, and not just from a minority of quadruple mutant organoids that acquired a particular mutation (SI Appendix, Fig. S6 ). To further exclude that coincident mutations introduced during culturing of the organoids are responsible for the metastatic potential of quadruple mutant organoids, we analyzed the genome-wide mutation load of the quadruple mutant culture at the time it was transplanted, after it was kept in culture for 16 wk and of a resulting metastasis, using whole-genome sequencing. Strikingly, this analysis did not reveal any additional mutations that are likely to contribute to the observed phenotype (SI Appendix, Table S2 and Fig. S7A ).
Metastatic spread is a process that can also occur upon passive migration of tumor cells into the blood circulation (14) . For this reason, although triple mutant-derived tumors do not show any migratory behavior and do not efficiently disseminate, we set out to investigate whether they are still able to colonize and expand in a distant organ when infused into the blood stream. Therefore, we injected suspensions of the same number of single cells from organoid lines with the different mutation combinations in the mesenteric vein. From the mesenteric vein, cells are transported through the portal vein to the liver, which is the primary organ to which CRCs metastasize (15) (Fig. 4C) . Interestingly, no metastases were detected in livers of mice injected with Triple P53WT , Triple KRASWT , Triple APCWT , and Triple
SMAD4WT
cells, whereas 86% of the mice (6/7) injected with quadruple mutant organoids developed multiple metastases (Fig. 4 D and E, Left). Importantly, Ki-67 staining revealed that quadruple mutantderived metastatic foci were highly proliferative (Fig. 4E, Right) .
Reconstitution of the Stem Cell Niche Factor Noggin Enables
Metastasis Formation. Because depletion of SMAD4 seems to drive the progression of carcinomas in situ (Triple SMAD4WT tumors in Fig. 2B ) to invasive carcinomas (quadruple tumors in Fig. 2B) A B C SMAD4WT and quadruple n = 6. Ns, not significant, *P < 0.05.
that can grow liver metastasis (Fig. 4) , we wondered which mechanism drives this metastatic transition. In vitro, both organoids grow, but opposed to the quadruple mutant, growth of Triple SMAD4WT organoids depends on the polypeptide Noggin that binds and inactivates members of the TGF-β superfamily signaling proteins (16) . To test whether niche factor independence is a key contributor to the metastatic potential, we generated Triple SMAD4WT organoids overexpressing Noggin. Importantly, these organoids were now able to grow in vitro in the absence of all of the niche factors. To test whether niche independence enables these tumor cells to grow liver metastases, we injected Triple SMAD4WT organoids overexpressing Noggin into the liver parenchyma (Fig. 5A) . To be able to follow tumor growth over time, we stably expressed luciferase in the engineered mutant human colon organoids. Indeed, because of the reconstitution of the lacking niche factor, Triple SMAD4WT organoids overexpressing Noggin were able to grow liver metastasis similarly to quadruple mutant organoids, whereas the nonoverexpressing controls showed limited growth potential (Fig. 5 B and 5C and SI Appendix, Fig. S8D ). To further gain direct support of our claim, we used an established approach to reconstitute the niche by intraperitoneally injection of Noggin (17) (SI Appendix, Fig. S8A ). Strikingly, under these conditions, Triple SMAD4WT organoids were also able to grow as liver metastasis (SI Appendix, Fig. S8 B-D) . Combined these experiments show that niche independence is a key contributor to metastatic growth, although the interplay of other affected cellular processes cannot be excluded.
Concluding Remarks
In this work, we presented an orthotopic approach to study the role that oncogenic CRC alterations in the Wnt, EGFR, P53, and TGF-β signaling pathways play during tumor progression. Preexisting CRC genetic and xenograft models are insufficient to uncover all of the steps of the progression of the disease. Our alternative approach offers the possibility to visualize in vivo the different steps of the metastatic cascade of CRC. Our results show that stem cell niche independent growth through the accumulation of genetic mutations in the Wnt, EGFR, P53, and TGF-β signaling pathways is required for tumor cells to efficiently migrate, disseminate, colonize, and grow at foreign, distant sites. Importantly, the differences in metastatic growth potential between the various organoids is not caused by accidental clonal variations introduced during engineering and selection processes, because similar metastatic potential differences were observed for Triple SMAD4WT and quadruple mutants engineered in an independent healthy colon organoid line (SI Appendix, Fig.  S9) . Importantly, our model allows studying the contribution of the single adenoma-carcinoma sequence mutations to tumor progression. In the adenoma-carcinoma sequence, it is proposed that the total accumulation of changes, rather than their order with respect to one another, is responsible for tumors to develop (1) . Our data confirms and further refines this model, because it shows that P53 is a gatekeeper that prevents acquisition of additional mutations in vivo, and, therefore, early loss P53 is favorable for the progression of CRC. Loss of P53 function allows cells to keep on proliferating, while rendering them sensitive for further accumulation of genetic alternations because of the emergence of CIN (7, 11) . Indeed, whole genome sequencing revealed different copy number profiles in P53-deficient organoids, derived primary tumor and corresponding spontaneous liver metastasis (SI Appendix, Fig. S7 ). These data suggest that additional alterations caused by CIN, such as SMAD4 loss, are most likely involved in tumor progression, which is in line with a previous study (18) . Moreover, our data agrees with a recently proposed Big Bang model where only mutations providing a strong selection advantage, i.e., mutations allowing niche independent growth, can persist in a rapidly expanding population (19) . Our results are further confirmed by the observation that in addition to loss of P53, SMAD4 inactivation plays a key role in late stages of CRC, such as migration and metastatic outgrowth potential. SMAD4 inactivation appeared to block differentiation, which is in line with previous findings where SMAD4 loss was associated with cell spreading, liver metastasis, and a poor disease prognosis (2, (20) (21) (22) (23) . Together, our study depicts metastasis as an extremely inefficient process where at least four genetic alterations are required for tumor cells to seed and grow out at distant sites independently of stem cell niche factors. Further research will be required to highlight other alterations specifically involved in triggering more extensive metastatic phenotypes. In this perspective, our approach of orthotopically transplanting engineered human tumor organoids represents a key tool to shed light on the molecular and cellular mechanisms underlying spontaneous progression of CRC.
Experimental Procedures
Human Material for Organoid Cultures. Approval for this study was obtained by the ethics committees of the Diakonessen Hospital Utrecht. Written informed consent was obtained.
Constructs. The human codon-optimized Cas9 expression plasmid and sgRNA-GFP plasmid were obtained from Addgene (41815 and 41819). The GFP targeting sequence was exchanged by inverse PCR followed by DpnI digestion and T4 ligation as described (7, 24) . APC, P53, SMAD4, and KRAS sgRNA sequences were described (7).
Mouse and Human Organoid Culturing. Small intestinal organoids were derived from Villin-CreER T2 ::APC fl/fl ::KRAS G12D/WT ::P53 fl/R172H transgenic mice as described (8) . Derivation of human colon organoid culture was described (7). In brief, normal human colon tissue was isolated from a resected colon segment derived from a patient (female, age 60 y) diagnosed with CRC (sigmoid) and from a healthy donor (female, age 31 y) retrieved through an endoscopy. Complete human organoid culture medium contains advanced DMEM/ F12 medium (Invitrogen) including B27 (Invitrogen), nicotinamide (SigmaAldrich), N-acetylcysteine (Sigma-Aldrich), noggin (Peprotech), R-spondin 1 (25) , epidermal growth factor (Peprotech), Wnt-conditioned media [50% (vol/vol), produced using stably transfected L cells], TGF-β type I receptor inhibitor A83-01 (Tocris), and p38 inhibitor SB202190 (Sigma-Aldrich).
Transfection and Genotyping of Organoids. The organoid lipofection and genotyping protocols were described in detail (7, 24) . Triple SMAD4WT and quadruple mutant organoids were described (7). To generate Triple
P53WT
and Triple APCWT organoids, single-cell suspensions of KRAS G12D organoids (7) were cotransfected with Cas9-expressing plasmid and sgRNAs targeting APC and SMAD4 or P53 and SMAD4, respectively. To generate Triple KRASWT organoids, single-cell suspensions of APC KO /P53
KO organoids (7) were cotransfected with Cas9-expressing plasmid and an sgRNA-targeting SMAD4. Functional selection strategies were started 2 d after transfection and are depicted for the different mutation combinations in SI Appendix, Table S1 . On average, the efficiency of introducing frameshift mutations is ∼1% (7). Single organoids were picked and clonally expanded. Because of the relatively low efficiency, outgrowing organoids are in the vast majority of cases clonal. Clonality was confirmed by Sanger sequencing and for several clones by whole-genome sequencing (SI Appendix, Fig. S1; ref. 7; EGAS00001001969) . Triple SMAD4WT and quadruple mutant organoids were generated in the second independent healthy human colon organoid line (female donor, age 31 y) as described (7).
RNA Isolation, cDNA Preparation, and Quantitative RT-PCR. Organoids were cultured in the presence or absence of Wnt and R-spondin for 48 h. Organoids were harvested in RLT lysis buffer, and RNA was isolated by using the Qiagen RNeasy kit (Qiagen) according to the manufacturer's instructions. Extracted RNA was used as a template for cDNA production by using GoScript reverse transcriptase (Promega) according to manufacturer's instructions. Quantitative RT-PCR was performed by using IQ SYBR green mix (Bio-Rad) according to the manufacturer's protocol. Results were calculated by using ΔΔCt method. Primer sequences: AXIN2_for 5′-AGCTTACATGAGTAATGGGG-3′, AXIN2_rev 5′-AATTCCATCTACACTGCTGTC-3′; GAPDH_for 5′-TGCACCAC-CAACTGCTTAGC-3′, GAPDH_rev 5′-GGCATGGACTGTGGTCATGAG-3′.
Whole-Genome Sequencing and Read Alignment. DNA libraries for Illumina sequencing were generated by using standard protocols (Illumina) from 0.5 μg of genomic DNA isolated from organoid cultures by using genomic tips (Qiagen) or by phenol-chloroform extraction. For sequencing of primary tumor material, Dendra2-positive cells were sorted from the resected cecum tissue by FACS. Metastasized tumor cells were expanded as organoids in vitro (3-5 passages) to generate a sufficient number of cells for whole-genome sequencing. All samples were sequenced (2 × 100 bp) by using Illumina HiSeq X Ten sequencers to 30× base coverage. Sequence reads were mapped against human reference genome GRCh37 by using Burrows-Wheeler Aligner v0.5.9 mapping tool (26) with settings 'bwa mem -c 100 -M'. Sequence reads were marked for duplicates by using Sambamba v0.4.732 and realigned per donor by using Genome Analysis Toolkit (GATK) IndelRealigner v2.7.2, and sequence read quality scores were recalibrated with GATK BaseRecalibrator v2.7.2. Full pipeline description and settings also available at: https://github.com/UMCUGenetics/IAP.
In Silico Karyograms. To detect copy number variations (CNVs), BAM files were analyzed for read-depth variations by Control-FREEC v6.7 with a bin size of 5 kb. Highly variable regions, defined as harboring germ-line CNVs in at least three control samples, were excluded from the analysis. To obtain somatic CNVs, we excluded CNVs for which there was evidence in the reference sample. Median copy number over 500-kb segments was calculated per chromosome and plotted. Regions identified as deleted or gained by FREEC are colored red and blue, respectively, according to HGVS standards (www. hgvs.org/). Odd and even chromosomes are shaded gray and black.
Point Mutation Calling and Filtering. Raw variants were multisample-called by using the GATK HaplotypeCaller v3. 4-46 (27) and GATK-Queue v3.4-46 with default settings and additional option 'EMIT_ALL_CONFIDENT_SITES'. The quality of variant and reference positions was evaluated by using GATK VariantFiltration v3.4-46 with options '-snpFilterName LowQualityDepth -snpFilterExpression "QD < 2.0" -snpFilterName MappingQuality -snpFilterExpression "MQ < 40.0" -snpFilterName StrandBias -snpFilterExpression "FS > 60.0" -snpFilterName HaplotypeScoreHigh -snpFilterExpression "HaplotypeScore > 13.0" -snpFilterName MQRankSumLow -snpFilterExpression "MQRankSum < −12.5" -snpFilterName ReadPosRankSumLow -snpFilterExpression "ReadPosRankSum < −8.0" -cluster 3 -window 35'. To obtain high-quality somatic point mutation catalogs, we applied the following postprocessing filters: absence of the variant with any evidence from a paired control sample (the original bulk culture used to generate the mutant lines), a minimum depth of 10× base coverage in both test and control sample, variants passed by VariantFiltration with a GATK phred-scaled quality score ≥100, exclusion of variants that overlap a single nucleotide polymorphism (SNP) position in the Single Nucleotide Polymorphism Database v137.b37 (28) Western Blotting. Protein lysate preparation and Western blot procedure was performed as described (7) . The antibodies used were as follows: P53 (DO-1; Santa Cruz Biotechnology), SMAD4 (B8; Santa Cruz Biotechnology), and GAPDH (ab-9485; Abcam).
Cell Cycle Profile Analysis. Organoids were incubated in complete organoid culture medium containing 10 μM bromodeoxyuridine (BrdU; Sigma-Aldrich) for 6 h. Organoids were dissociated into single cells by using TrypLE (Gibco) and subsequently fixed in 70% (vol/vol) ethanol at 4°C for 1 h. Cells were washed with PBS and treated for 30 min at 37°C with RNase A (0.5 mg/mL). After PBS wash, cells were incubated for 20 min in 5 M HCl/0.5% Triton solution, and neutralized with 0.1 M Na 2 B 4 O 7 . Cells were sequentially stained with mouse antihuman BrdU (Dako) and Alexa Fluor 488 goat anti-mouse IgG (Life Technologies). Before FACS, cells were resuspended in 50 μg/mL propidium iodide in PBS.
Mice. Eight-to 12-wk-old males NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ (NSG) mice were used as acceptors for orthotopic transplantation, mesenteric vein injection, and liver injection. All experiments were performed in accordance with the Animal Welfare Committee of the Royal Netherlands Academy of Arts and Sciences, The Netherlands. Animals were kept at the Hubrecht animal facility in Utrecht, The Netherlands.
Orthotopic Transplantation. The day before transplantation, organoids were collected and dissociated in small clumps of approximately 3-5 cells by using TrypLE Express (Life Technologies). Approximately 250,000 cells were plated in 15-μL drops of neutralized Rat Tail High Concentrated Type I Collagen (Corning). Organoids were allowed to recover overnight at 37°C, 5% (vol/vol) CO 2 . Acceptor mice were subsequently sedated by using isoflurane inhalation anesthesia [∼2% (vol/vol) isoflurane/O 2 mixture]. Before surgery, the mice were treated with an s.c. dose of buprenorphine (3 mg per mouse; Temgesic, BD Pharmaceutical System). The cecum was exteriorized through a midline abdominal incision and a single collagen drop containing organoids was surgically transplanted in the caecal submucosa. The collagen keeps the organoids in place, allowing them to engraft and expand in the cecal wall. Over time, the collagen is degraded and the engrafted tissue remains. The mice were checked weekly for the presence of tumors via abdominal palpation.
Immunohistochemistry. Tissues were fixed in 4% (wt/vol) paraformaldehyde, dehydrated, and embedded in paraffin. H&E and immunohistochemical staining were performed on 4-μm sections. The stainings were performed with the following primary antibodies: anti-β-catenin clone 14 (BD Bioscience), anti-Ki-67 clone MM1 (Monosan), anti-cleaved-Caspase3 D175 (Cell Signaling), anti-cytokeratin clone Cam5.2 (BD Bioscience), anti-P21 sc471 (Santa Cruz), anti-Dendra2 (Evrogen). Detection was realized with anti-mouse (Dako; Envision+ System-HRP labeled Polymer anti-mouse), anti-rabbit (ImmunoLogic; Poly-HRP) horseradish peroxidase labeled secondary antibodies and Alexa Fluor goat anti-rabbit 488 (Life Technologies) fluorescent secondary antibody. Membrane staining was realized with Phalloidin-Atto 647N (Sigma-Aldrich).
Intravital Imaging. To perform intravital microscopy, human in vitro engineered organoids were infected (30) with pLKO-1.UbC.Dendra2.puro lentivirus. Ten to 12 wk after orthotopic organoid transplantation, an abdominal imaging window was surgically implanted on the primary tumor as described (12, 31) . The surgical procedure was performed under isoflurane inhalation anesthesia. Before surgery, the mice were treated with an s.c. dose of buprenorphine (3 mg per mouse, Temgesic; BD Pharmaceutical System). After surgery, the mice were kept at 37°C until fully recovered. For every imaging session, mice were sedated by using isoflurane inhalation anesthesia (∼1.5% isoflurane/O 2 mixture), and placed with their head in a facemask within a custom designed imaging box. The imaging box and microscope were kept at 36.5°C by using a climate chamber. Between the imaging sessions, mice were allowed to recover in their cage. Intravital images were acquired with an inverted Leica TCS SP5 AOBS two-photon microscope with a chameleon Ti:Sapphire pumped Optical Parametric Oscillator (Coherent). To monitor tumor cell migration, Dendra2 photoswitching was performed as described (32, 33) . Briefly, the region of interest (ROI) scan option of LAS AF Lite software was used to photoconvert a chosen population of cells by using the 405-nm laser line (20% power, 40 scans). The converted-red isoform of the protein was collected to monitor cell migration. The imaging areas were retraced in subsequent imaging sessions by storing the stage coordinates of the imaging areas and tracking photomarked Dendra2 cells as described (31) . Custom-designed Visual Basic and ImageJ software were used to enhance the red signal from the photoswitched cells. Noise was removed from the images and regions of interest were drawn around the Dendra2-photoconverted areas of comparable z planes of the two consecutive imaging days. The displacement of the photoconverted cells was calculated by using the XOR function. Statistical analysis was performed in GraphPad Prism by using Mann-Whitney u test.
Mesenteric Vein Injection. Before surgery, organoids were collected and dissociated in single cells by using TrypLE Express (Life Technologies). We resuspended 250,000 cells in 100 μL of sterile PBS and injected them in the mesenteric vein of acceptor mice as described (15) . The surgical procedure was performed under isoflurane inhalation anesthesia. Before surgery, the mice were treated with a s.c. dose of buprenorphine (3 mg per mouse, Temgesic; BD Pharmaceutical System). After surgery, the mice were kept at 37°C until fully recovered. Six weeks after injection the mice were killed, and the livers were inspected for presence of metastasis under a fluorescence-stereo microscope (Leica). Metastases were stained for Ki-67 (clone SP6; Abcam) to check for cell proliferation. Detection was realized with Alexa Fluor goat antirabbit 594 (Life Technologies) fluorescent secondary anibody.
Intrahepatic Injection. To perform bioluminescence imaging (BLI), human in vitro engineered organoids were infected (30) with pLKO-1.UbC.fire-flyluciferase.blast lentivirus. For Noggin overexpression, cells were additionally infected with pLKO-1.UbC.mNog.puro lentivirus. Before surgery, organoids were collected and dissociated in single cells by using TrypLE Express (Life Technologies). We resuspended 50,000 cells in 100 μL of sterile Matrigel (Corning) and PBS mix (2.5:1) and injected into the liver parenchyma. The surgical procedure was performed under isoflurane inhalation anesthesia. Before surgery, the mice were treated with an s.c. dose of buprenorphine (3 mg per mouse, Temgesic; BD Pharmaceutical System). After surgery, the mice were kept at 37°C until fully recovered.
Noggin Administration. For Noggin administration experiments, mice were injected i.p. daily with 0.5 mg/kg recombinant human Noggin (Peprotech) starting from the day before intrahepatic injection until the last bioluminescence imaging session.
Bioluminescence Imaging. Bioluminescence imaging was executed immediately after intrahepatic injection and after, every 48 h for a maximum of 8 d after injection. To perform the imaging, mice were kept under isoflurane inhalation anesthesia. Mice injected with 60 μg/kg D-Luciferin (ThermoFisher Scientific), and after a 5-min incubation, imaged in a Aequoria Dark Box (Hamamatsu) by using 4 × 4 binning, an EM gain of 1,200 and exposure times ranging from 0.5 to 300 s. The metastatic growth kinetics were measured by using HoKaWo software (Hamamatsu) by quantification of the total intensity of nonsaturated ROIs followed by a background subtraction. The photon flux/s was determined by dividing this number by the exposure time.
